Abstract-An exhaustive method for verifying & optimizing of switching frequency for the performance of high frequency mirror inverter for induction heater is presented. Litz-wire is used for heating coil of the induction heater which controls the skin effect and proximity effect of conductor operating at high frequency. With the calculated optimum values of inductance and resistance at a particular operating frequency, HF mirror inverter topology has been simulated using P-SIM. Optimum results are obtained by changing the switching frequency. Obtained results are then compared using different power semi-conductor switches like IGBT, BJT, MOSFET and GTO.
I. INTRODUCTION
Induction heater for industrial applications operates at a high frequency range from 1 kHz to 100 kHz [1] . Here switching frequency varies between 20 kHz to 40 kHz. In the application of low frequency induction heating, the temperature distribution can be controlled by slowly varying magnetic fields below a frequency as low as 300 Hz. For medium frequency application, an auxiliary voltage-fed inverter is operated in parallel with the main current-fed inverter since the current-fed parallel inverters alone, when used for induction heating, fail to start. Mirror inverters [2] , [3] for high frequency induction heating and melting applications are self-started. For self-commutation, a resonant circuit is essential. It is assumed that the circuit is under damped; a mandatory condition for the circuit. The capacitor required for under damping can be connected in series or in parallel with the load. In the modern times, IGBTs, MOSFETs, GTOs are preferred to SCRs mainly because they offer convenient turn OFF characteristics. Some auxiliary circuits and equipment are required to minimize switching losses occurring at high frequencies. The requirements for the induction heaters are as follows [4] :
Switching in high-frequency range High efficiency Power factor close to unity Wide power range and Reliability. Induction heaters are usually designed to operate with a heating plate or pipeline made from a specific material [5] , mainly cast iron or Ferro-magnetic stainless steel. The following is therefore desired characteristic for the inverter;
No reactive components other than the heating coil and the non-smooth filter inductor, No input or matching transformers, 50% duty ratio, simplifying the control and gate circuits, Zero current switching (ZCS) and / or zero voltage switching (ZVS) [6] , Clamped switch voltage and / or current, The use of uncontrolled voltage source. Different inverter topologies suitable for induction heating and melting applications are presented in. The comparison is based on the criteria such as input power factor, component ratings, maximum and minimum operating frequencies, operation under varying load conditions, inverter starting capability and system and control simplicity [7] . Llorente et. al., have made a comparison between four inverter topologies commonly used in induction cookers. The considered topologies are the full-bridge inverter, the half-bridge inverter, and two single-switch inverters. All of them are designed for the same specifications and they are compared in aspects such as power device stresses, efficiency, frequency control, and electromagnetic emissions [8] . In these papers, separate inverter configurations have been discussed & compared, but no light is thrown to the type & necessity of power semiconductor switches for different inverter topologies [9] , [10] , [11] , [12] , [13] , [14] . Same circuit can respond differently with the variation in power switches. In this present paper, response of high frequency mirror inverter is tested & verified in different frequencies and finally appropriateness of the desired frequency is confirmed. With the designed parameters of the said inverter circuit, IGBT is used as switch. Complete inverter configuration has been simulated using P-SIM.
Mirror inverter is powered from single phase AC supply to energize the heating coil which is made of litz wire [15] . This type of wire is configured by many strands of single insulated wire in order to reduce the losses caused by skin effect & proximity effect.
II. ANALYSIS OF HIGH FREQUENCY MIRROR INVERTER
In the circuit operation has been discussed in detail. The exact circuit diagram of the mirror inverter [16] is shown in Fig. 1 . As soon as gate pulse is applied to IGBT-1, C1 gets discharged through 'QLMN' loop & C2 gets charged 'QLMNC' path. In the next cycle when input signal is given to IGBT-2 with gate pulse to IGBT-1 is removed, C2 gets discharged through 'NMDC' loop & C1 gets charged through 'QNMDC' path. Thus a frequency current flows through 'MN' bar in alternate direction & due to the low capacitive reactance of the capacitor 'C', this current also flows through the coil inductor. In this way, radio-frequency current generated in the short-circuited bar 'MN' is reflected into the induction coil. Now this current will generate alternating magnetic flux.
A & B points in the above mentioned circuit .At first when we connect the converter circuit with the D.C power supply of the system the capacitors C 1 and C 2 are charged when there are no gate pulses at G 1 and G 2. While starting high frequency A.C generation, pulses are fed from software control circuit alternatively in the gates of I.G.B.T -1 and I.G.B.T-2. When the gate pulse is achieved in G 1 then I.G.B.T -1 is in 'ON' state. So the charge of capacitor C 1 discharges as well as C 2 charges. By means of this operation current flows in the short circuit bar 'NM' from M to N.
In the next half of the operation the gate pulse is achieved in G 2 of the I.G.B.T-2 then I.G.B.T-2 is in 'ON' state. Before getting pulse in G 2 the gate pulse of G 1 is withdrawn to avoid the simultaneous conduction and the short circuit between D.C source terminals. When I.G.B.T -2 is in 'ON' state then C 2 discharges as well as C 1 charges. By means of this operation current flow in the short circuit 'NM' bar from N to M. So by these gate pulses we generate alternating current in 'NM' bar. This alternating current frequency is in the range of radio-frequency like 33.33 kHz .At this high frequency the capacitor C across (A) & (B) terminals is working as very low impedance path for radio-frequency range [because capacitive impedance, X C = 1 / (2ΠfC)]. So this alternating high frequency current flows through the (A), (Q), (L), (M), (N), (C), (B) loop in one half and in next half it will flow through the (A), (Q), (N), (M), (D), (C), (B) loop. .So the generated alternating current through the NM bar will also flow through the induction heating working coil 'L' which will generate alternating magnetic flux because it is connected in series.
III. DESIGN
A large amount of heat can be produced by the present arrangement. This can be possible by feeding huge amount current to the heating coil at resonance condition. Here we use the current which is known as eddy current loss. If this current can be increase then the amount of heat produce will be increase [17] , [18] .
A. Structure of the Load Circuit
A flat heating-coil is used for induction cooking. A thermal insulator is placed in between the heating plate and the heating-coil to protect the coil from overheating and also to support the vessel [19] . A ferrite disc is often used to enhance the coupling but with a small addition in cost. In order to obtain maximum coupling, the spacing between the heating plate and the coil should be kept as small as possible, but at the same time it should be large enough for sufficient support, insulation and airflow. The vessel must be made up of a material for which the product of resistivity and relative permeability is high enough to yield an acceptable efficiency. The heating-coil is usually made up of bundle conductors (Litz wire) and it is forced air-cooled.
B. Design of Circuit Parameters
The load structure for induction heating may be looked upon as a transformer with the heating plate acting as a short-circuited secondary. Now, on neglecting the magnetizing inductance (Lm) of the N turn primary, the heating-coil and the heating plate can be represented by an equivalent series combination of inductance [20] .
A complete design can be done on the basis of the following assumptions:
The spacing between the coil and the plate is same throughout. The heating-coil has the same inner and outer diameter, independent of the number of turns. The cooking vessel remains unchanged. The heating-coil is of 37 turns with an outer diameter of 175.5 mm and an inner diameter of 43.5 mm.
C. Design of the HF Mirror Inverter
The following are the important voltage and current parameters for each of the power circuit components : Diode Bridge Rectifier: The peak voltage and the average current will specify the requirements for the rectifier module.
Input Capacitor: The main limiting factor for the input capacitor will be the peak voltage. The rms voltage cannot be a limiting factor due to the low grid frequency and the relatively small amplitude of the switching frequency ripples.
Resonant Capacitors: For the resonant capacitor both the peak and the rms voltages are equally important. However, the rms voltage withstand capability of a capacitor decreases significantly at higher frequencies mainly due to increased dielectric and conduction power loss. As a result, dielectric material such as polypropylene is usually used as the best possible substitute.
Heating-coil: The rms current will determine the cross sectional area needed for the conductors for operation at an acceptable current density. Due to the employment of a single layer heating coil, arcing between the turns should not be a problem.
Singular-switches:
The peak voltage determines the voltage rating. The current rating, on-state voltage and the turn-off switching time of the IGBT will be determined by its average current, turn-off current.
IV. SALIENT FEATURES OF THE INDUCTION HEATING EQUIPMENT
High Power : Since the heating coil does not get hot for the purpose of heating the load, a large heating surface as well as a high temperature heating are both feasible with radio-frequency induction heating.
Flexibility: The distribution of power density in the pipeline or heating plate can be easily changed by changing the coil configuration.
Controllability: The response of load temperature is quite high because of the proposed regulation strategy of the radio-frequency inverter. Implementation of microprocessor-based control can be easily introduced. The regulation of a series resonant variable radiofrequency mirror inverter, operating under a precise temperature setting through the employment of an auto tuning PID-based feedback scheme, would permit stable operation as well as easy control.
High Efficiency: In the proposed scheme, heat is directly generated in the heating plate or pipeline. As a result, there is practically no loss of energy due to transportation. This permits ample amount of energy saving and hence sufficient reduction of running cost. The eddy current in the magnetically conductive metallic package is induced through a contact less radio-frequency power transmission. So, unlike electric heater, there is no scope for any shock hazard.
V. TESTING CONDITIONS
The circuit diagram used for the simulation work using P-SIM software is shown in Fig. 3 . Fig. 3 . Circuit diagram for P-SIM simulation of mirror inverter using IGBT.
The chosen parameters for the inverter configuration is given in Table I . Firstly, the inverter circuit is simulated with IGBT as power switch. There after switching frequency is changed by in step of 3 to 5 kHz. In each case, the coil current waveform across it have been recorded & investigated.
VI. RESULTS AND DISCUSSIONS
With the chosen different switching frequency, following current waveforms through induction coil are obtained using P-SIM software: The wave forms shown above, it is seen that the magnitude of the current wave is not same for the upper quardent and lower quardent for different switching frequency, but when the resonance has occurred then the voltage wave shapes are equal in magnitude for both the upper and lower quardent. At resonance high amount of eddy current is produced which will flow through the heating coil and produce desired large amount of heat.
Using IGBT in the mirror inverter circuit, it is observed in Figure 8 that at 33 kHz switching frequency magnitude of current through the coil has almost equal in both positive and negative halves. Such a peak to peak symmetrical current produces more heat. Hence heating effect becomes very prominent for the same operating frequency range.
From Fig. 4 to Figure 10 except Fig. 8 , it is clear that in the mirror inverter circuit, coil current doesn't have equal positive and negative peaks. Hence, rms value of the current will be less. So heating effect will also be less compared to the current at frequency of 33 kHz which is also verified from system efficiency calculation of induction heater obtained through real-time experimental set-up.
Using water as fluid, the sample efficiency calculation of induction heating-range for single layer secondary metallic object at set-II temperature setting is given below : The system efficiency calculation of induction heater obtained through real-time experimental set-up is shown in Table II . From the results of Table II , it has been observed that 33 kHz switching frequency is most suitable for H. F. mirror inverter which is shown in P-SIM simulation as well as verified from real-time experiment.
VII. CONCLUSIONS
After having compared the simulation results, it is quite obvious that using IGBT as a power semiconductor switch in H.F. mirror inverter is advantageous for induction heating purposes for frequency below 50 kHz & particularly at 33 kHz, the effect is highly sound. At 33 kHz switching frequency magnitude of the current through the heating coil has almost same in either direction. Hence, this switching frequency is most suitable for H. F. mirror inverter employed in industrial induction heating. 
